Dynamic time division duplex is a promising 5th generation (5G) mobile communication technology that can improve spectrum efficiency by meeting the demands of asymmetric and rapidly varying uplink and downlink traffic. However, when two adjacent cells have opposite transmission directions and share a time slot, it causes serious interference called crossed-slot interference. In this paper, we show that a crossed time slot shared by two adjacent cells can improve the signal-to-interference ratio (SIR) depending on the location of the user equipment (UE). We mathematically derive a beneficial UE region and show through simulations that the opportunistic usage of crossed-slot transmissions can mitigate interference and achieve a high SIR.
I. INTRODUCTION
The huge amount of mobile traffic that is generated from ultra-high-definition video streaming services, voice over internet protocol, augmented reality services, smart phones and internet of things devices occurs dynamically and asymmetrically. Due to the traffic imbalance between the uplink (UL) and the downlink (DL) of cellular communication networks, there has been increasing interest in time division duplexing (TDD) systems, which are able to adjust the channel capacity of UL and DL according to the traffic load [1] . However, it is known that in TDD systems, severe interference occurs near the boundary of two neighboring cells that have opposite transmission directions in the same frequency band and share a time slot. This is called crossed-slot interference. In order to avoid this interference, conventional TDD is constrained to configure the same UL/DL time slot structure in neighboring cells [2] . However, this approach limits the flexibility of TDD and is unsuitable for 5G networks where traffic demands are unbalanced and rapidly changing.
Thus, for the irregular traffic patterns of 5G, dynamic TDD (D-TDD) has emerged as a promising solution because it adapts to changes in the up/down transmission direction of The associate editor coordinating the review of this manuscript and approving it for publication was Sofana Reka S. each time slot according to the UL/DL traffic load [3]- [5] . Although D-TDD systems offer flexible resource allocation compared to conventional TDD systems, crossed-slot interference remains a key challenge to be met.
A. RELATED WORKS
The opportunities and challenges of D-TDD systems were analyzed in [2] where crossed-slot interference was considered to be the main challenge. Several other schemes have been proposed to reduce interference in D-TDD systems. The enhanced interference mitigation and traffic adaptation (eIMTA) of long-term evolution (LTE) Release 12 was studied as a version of D-TDD [6] , [7] , where one of seven predefined UL/DL configurations is selected according to the traffic load and cell clustering, and power control and interference cancellation are used to mitigate the crossed-slot interference caused by cell-specific TDD pattern selection. In [8] - [11] , power control schemes where the UL and DL transmission powers are adjusted to reduce the interference were extensively studied. However, an increase in transmission power can cause severe interference to other cells and UE battery problems. In [12] - [17] , cell-clustering interference mitigation schemes were proposed where cells that are experiencing severe interference with neighboring cells are VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ grouped and forced to have the same UL/DL configurations, reducing the occurrence of crossed-slot. This solution, however, may limit the inherent flexibility of D-TDD. In another approach to interference, the authors of [18] proposed a method to reconfigure the timing of UL/DL transmission depending on the traffic characteristics and the interference levels. In [19] , the authors proposed a hybrid approach that combines the static and dynamic characteristics of TDD through a Signal-to-Interference-plus-Noise Ratio (SINR) performance arrangement. This arrangement mitigates interference by eliminating the occurrence of crossed-slot for celledge users that have high interference. In [20] , a distributed beamforming scheme is proposed that subsequently improves SINR performance. In [21] , a coordinated beamforming scheme is proposed that coordinates beam scheduling based on the information exchanged between base stations (BSs). This method reduces interference by avoiding DL transmission beams that can interfere with the adjacent UL receiving beam. According to standardization group activities like those of the 3rd generation partnership project (3GPP), it is expected that 5G D-TDD will employ a fully flexible frame structure where the transmission direction of any time slot can change in response to the UL/DL traffic pattern [22] - [25] . Such a requirement inadvertently increases the occurrences of crossed-slot interference. In summary, the aforementioned works are insufficient to deal with crossed-slot interference.
B. CONTRIBUTIONS AND ORGANIZATION
To the best of our knowledge, most studies on interference mitigation in D-TDD systems have been focused on avoiding or minimizing the occurrence of crossed-slots. In this paper, unlike previous studies, we show through Signal to Interference Ratio (SIR) analysis that crossed-slot can be beneficial depending on UE location, and we mathematically derive a beneficial UE region. In addition, we propose criteria for crossed-slot usage depending on which cells of a 5G D-TDD system can improve the SIR. Numerical simulation results show that the proposed scheme achieves high SIR compared with that of conventional schemes by efficiently managing crossed-slot interference.
The rest of this paper is organized as follows. Section II provides the frame structure for D-TDD and describes an analytical model of SIR for UL and DL. Section III presents a mathematical analysis of SIR. Section IV provides criteria for crossed-slot usage. Numerical results are provided in Section V. Finally, the conclusions drawn are in Section VI.
II. FRAME STRUCTURE AND SIR ANALYSIS MODEL FOR THE PROPOSED D-TDD SYSTEM A. FRAME STRUCTURE FOR DYNAMIC TDD IN 5G
In an initial version of D-TDD defined in LTE Release 12, there are seven predefined UL/DL frame configurations, one of which is chosen according to traffic conditions [7] . However, the chosen configuration is fixed regardless of traffic changes. Recently 3GPP 5G New Radio (NR) discussed a dynamically changing frame structure for D-TDD [22] - [25] . In this paper, we assume a 3GPP 5G NR-like frame structure that can change the UL/DL transmission direction in each time slot according to traffic conditions as shown in Fig. 1 . Fig. 2 shows the SIR analysis model where two adjacent cells are considered; one is a reference cell in which SIR is calculated and the other is a neighboring cell which causes the crossed-slot interference. Both the UL case and the DL case are analyzed. The reference cell's BS is labeled BS R and its UE is UE R . Similarly, the BS and UE of the neighboring cell are denoted by BS N and UE N , respectively. For a cell radius of R, it is assumed that BS R is located at the origin (0, 0) and that BS N is located at ( √ 3 R, 0) in a rectangular coordinate system. Given that UE R is located at (x r , y r ), we will find the region of UE N locations (x n , y n ) where a crossed-slot is more beneficial to the reference cell's SIR than a shared time slot used by both cells in the same transmission direction (UL or DL); we call the latter configuration a parallel-slot. In Fig. 2 , the solid arrows represent the desired signal; the dashed arrows represent interference. Blue and red colors are for crossed-and parallel-slot configurations, respectively. The SIR is analyzed under the assumption that the signal deteriorates only by path loss with unity antenna gain, ignoring any fading and noise effects. In addition, the analysis includes high-frequency bands (above 6 GHz) such as mmWave for 5G enhanced Mobile Broadband (eMBB) services. High-band frequencies have limited coverage due to high path losses and are best suited for hotspot or small cell scenarios [26] , [27] .
B. SYSTEM MODEL

III. SIR ANALYSIS
It is considered that while UE R is in communication with BS R , UE N is trying to get a channel from BS N . For the new UE N − BS N communication, there are two options for channel selection: crossed-slot and parallel-slot with respect to UE R − BS R communication. We will derive the mathematical expression for the SIR of crossed-and parallelslots for each case of UL and DL. For simplicity in the analytical model, we will ignore any fading effect. Fading is a stochastic phenomenon, so to consider fading in determining if a crossed-slot would be beneficial for a certain duration may not be appropriate. For longer durations, fading averages out and the criteria will converge to the dominant term of path loss regardless of the fading effect. We will show through computer simulation in Section V that the beneficial region with a fading effect is the same as the fading-free beneficial region obtained mathematically in this section.
A. UPLINK SIR
If a certain time slot that is being used in UL transmission in the reference cell is allocated for the DL transmission in the neighboring cell (crossed-slot transmission shown by the blue solid line in Fig. 2 (a) ), the signal (black solid line in Fig. 2(a) ) and interference (blue double-dashed line in Fig. 2 (a) ) powers received at the BS R from UE R and BS N , are given by
and
respectively, where P M is the fixed UE transmission power, P B is the fixed BS transmission power, and α is the path loss exponent. Here, the superscript X denotes crossed. Thus, the SIR of UL with crossed-slot interference is
where ρ is the power ratio, P M P B . For a parallel-slot where the slot is allocated for UL transmission in the neighboring cell (shown with the red solid line in Fig. 2 (a) ), the interference (red dashed line in Fig. 2 (a) ) power coming from UE N is
where the superscript || denotes parallel. Since the signal power S || up is the same as S X up , the SIR of UL with parallel-slot interference is
In a manner similar to how the UL SIR is calculated, the DL SIR with crossed-slot interference is calculated from the signal power (black solid line in Fig. 2 (b) ) and interference (blue double-dashed line in Fig. 2 (b) ) received at UE R from BS R and UE N , given by
respectively. Thus, the SIR is
For parallel-slot interference, the interference (red dashed line in Fig. 2 (b) ) from BS N is
Thus, the SIR with parallel-slot interference is given by
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C. BENEFICIAL REGION FOR CROSSED-SLOT USAGE
For a given location of UE R , depending on the location of UE N , the SIR from crossed-slots could be higher than that from parallel-slots. We will define such a region of UE N locations as the beneficial region and find the region using several examples where R = 500 m and α = 4.
1) BENEFICIAL REGION FOR UPLINK SIR
The beneficial region for UL SIR is where
In Fig. 3 the beneficial region is indicated in blue for various values of ρ. Interestingly, the beneficial region is independent of the UE R location. In other words, if the UE N is located within the blue shadow region, crossed-slot is preferred to parallel-slot in terms of SIR regardless of UE R location. The figure show that the beneficial region is formed mainly near the cell boundary. That is because the parallel-slot interference generated from UE N is strong when the UE N is located near a cell boundary, while the crossed-slot interference generated from BS N is unrelated to the UE N location. It is also shown that the beneficial region gets smaller as ρ decreases. That's because the higher power of BS N (smaller ρ) increases the crossed-slot interference.
2) BENEFICIAL REGION FOR DOWNLINK SIR
In the same manner as UL SIR, the beneficial region for DL SIR is where Fig. 4 shows the beneficial regions for DL. Unlike the UL case, the beneficial region changes with the UE R location because the SIR is calculated at UE R . Regarding the effect of ρ, the beneficial region gets larger as ρ decreases as shown in Fig. 4 (a) and (b). This is unlike the UL case because higher power at UE N (larger ρ) increases the crossed-slot interference.
In addition, since the SIR is calculated at UE R , the crossedslot interference generated from UE N gets smaller as UE N becomes more distant from UE R while the parallel-slot interference generated from BS N remains constant unless UE R moves. That's why the beneficial region is formed mainly away from UE R . If UE R is located far from the neighboring cell as shown in Fig. 4 (d) , the crossed-slot interference generated from UE N is small enough that most of the region of the neighboring cell is beneficial compared with the beneficial region of Fig. 4 (c) .
IV. PROPOSED INTERFERENCE MANAGEMENT SCHEME USING CROSSED-SLOT
Up to this point, the beneficial region has been built from the aspect of the reference cell, not the neighboring cell. That is, the crossed-slot usage that is beneficial to the reference cell may cause a severe SIR degradation to the neighboring cell. In this section, we propose decision criteria for the transmission direction of the time slot to effectively manage the interference. Before deciding whether the crossedslot is beneficial to the reference cell, we first take care of the neighboring cell's SIR to see if it meets a certain threshold or minimum required SIR. If both up and down directions meet the threshold, then we decide the transmission direction based on whether the UE N is inside the beneficial region. If only one direction meets the threshold, then that direction is chosen regardless of its benefit to the reference cell. If neither direction meets the threshold, then we need to search for another time slot. The procedure is summarized in Fig. 5 . Gray-colored blocks represent possible outputs. During SIR calculation, the channel allocation state and both UE locations are shared through the X2 interface between BSs [28]- [30] . 
A. SIR ANALYSIS OF NEIGHBORING CELL
We will derive the neighboring cell SIR in the same way as we did the reference cell SIR analysis. 
1) UPLINK SIR
For UL transmission in the neighboring cell, the crossedslot situation corresponds to the case of DL transmission in the reference cell as shown by the solid black and blue lines in Fig. 6(a) 
respectively, where the subscript n denotes values obtained from the aspect of the neighboring cell. Thus, the UL SIR of the neighboring cell from a crossed-slot is
The parallel-slot transmission configuration for UL transmission in the reference cell is as shown by solid red and black lines in Fig. 6(a) . Then, the parallel-slot signal power S || n,up is the same as the crossed-slot signal power S X n,up and interference (red dashed line) power is obtained as 
2) DOWNLINK SIR
In the case of DL transmission in the neighboring cell, the crossed-slot transmissions correspond to the case of UL transmission in the reference cell as shown by the black and blue lines in Fig. 6(b) . Then, the signal (black solid line) and the interference (blue double-dashed line) powers are obtained as
respectively. Thus, the DL SIR of the neighboring cell for the crossed-slot configuration is γ X n,dw = S X n,dw I X n,dw =
The parallel-slot configuration for DL transmission in the reference cell is shown by red and black solid lines in Fig. 6(b) . Then, the parallel-slot signal power S || n,dw is the same as the crossed-slot signal power S X n,dw and the interference (red dashed line) power is obtained as
Thus, the DL SIR of the neighboring cell for the parallel-slot configuration is
The proposed scheme works independently in a multiuser environment between adjacent cells because even though there are many users between adjacent cells in the TDD system, assigning a separate time slot results in a different frequency and does not cause interference between them.
V. NUMERICAL RESULTS
A. ANALYSIS OF BENEFICIAL REGION WITH RAYLEIGH FADING
In this section, through computer simulation, we present the crossed-slot beneficial region with Rayleigh fading. Then we compare this beneficial region with the beneficial region without fading derived mathematically (cf. Section III). The simulation was performed using MATLAB. In Fig. 7 and Fig. 8 , red plus markers denote the location of UE N where crossed-slot is beneficial according to Rayleigh fading computer simulation, while the blue filled-square markers denote the beneficial region obtained from the mathematical model. In the simulation, for a given UE N location, we generated Rayleigh distributed random variables for both signal and interference N times and averaged the values to obtain the SIR. Let H denote the average power gain due to Rayleigh fading. Then, H is obtained from H = E h 2 , where h represents the Rayleigh distributed random variables. We analyzed the SIR with the fading effect by multiplying each received signal and interference power obtained in Section III (e.g. (1a) and (1b)) by H . We carried out the simulation for various N values.
As shown in Fig. 7 and Fig. 8 , the beneficial region with a fading effect almost coincides with the fading-free beneficial region obtained mathematically as the time N increases. This means that the path loss is the most dominant factor in the SIR analysis. Thus, the derived mathematical model based on the path loss is acceptable as the criterion for the advantage of crossed-slot usage in the proposed scheme.
B. PERFORMANCE ANALYSIS
We evaluated the performance of the proposed scheme by comparing it to the conventional scheme, which strictly synchronizes transmission direction between adjacent cells (parallel-slot), in terms of the reference cell SIR. For convenience, let the polar coordinate (r, θ) correspond to the rectangular coordinate of UE R , (x r , y r ). Then, for a given r, we generated 200 random locations of UE R with a uniform distribution of θ between 0 and 2π . Fig. 9 shows an example of UE R deployment. For each location of UE R , we further generated 1000 UE N locations which are also uniformly distributed within the neighboring cell. Then we took an average of 200 × 1000 samples representing the average SIR at a given r as plotted in Figs. 10 and 11 . The other parameters used in our simulations were R = 500 m and α = 4. We also set the SIR threshold to 0 dB considering a minimum working SIR threshold for practical receivers [31] , [32] . In addition, ρ was set to 0.7 and 0.3 based on the 3GPP recommendation for small cell environments [3], [31] . Figs. 10 and 11 show the average SIR of the proposed scheme compared to the conventional schemes when ρ is 0.7 and 0.3, respectively. It is shown that the average SIR decreases as r increases because the effect of the signal power weakening is dominant. The superiority of the proposed scheme is more apparent in the DL case, while in the UL case it is so negligibly small that it can only be seen in the zoomed box. That's because in the DL case, the beneficial region is much larger than in the UL case, which is shown in Figs. 3 and 4 ; accordingly, the proposed scheme is more effective using the benefits of crossed-slots. It is also shown that the SIR gain of the proposed scheme is larger for smaller ρ values in the case of DL while it is larger for larger ρ values in the case of UL (compare Figs. 10 and 11 ). That's because the beneficial region of the DL case is larger when ρ is smaller while that of the UL case is larger when ρ is larger as shown in Figs. 3 and 4 .
VI. CONCLUSION AND FUTURE WORK
In this paper, we show that the crossed-slot, which has been avoided for interference mitigation between adjacent cells, can be beneficial depending on the UE location. The beneficial region was mathematically derived and graphically marked in the cell area. By seeing only whether the UE is in the beneficial region, we can determine the transmission direction of the time slot in a neighboring cell in such a way that the average SIR of an on-going call in the reference cell is beneficial. Based on this study, we also propose criteria for the transmission direction of a time slot. Numerical results show that the benefit of crossed-slot is more easily obtained when the reference cell is on DL transmission and depends on the power ratio of UE and BS. We believe our work contributes to the development of a solution to crossed-slot interference between neighboring cells in upcoming 5G D-TDD systems. In further research, we will study the operation of the proposed scheme in the multi-cell environment through a system-level analysis.
